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SUMMARY

COMPRESSION
CYLINDER

This report summarizes some results obtained with a single cylinder test engine at the
Langley Field Laboratory of the National Advisory Committee for Aeronautics during a pre-
liminary investigation of the problem of applying fuel injection and compression ignition to
aircraft engines. For this work a. standard Liberty engine @3nder was fitted with a high
compression, 11.4 :1 compression ratio, piston, and equipped with an airless injection system,
inch.ding a primary fuel pump, an injection pump, and an automatic injection ~al-re.

“ The results obtained during this investigation have indicated the possibility of applying
airless injection and compression ignition to a cylinder of this size, 5-inch bore by 7-inch stroke,
when operating at en@e speeds as I@h as 1,850 R. P. M., zdthongh the unsuitabdit y of the
Liberty cylinder form of combustion chamber for compression ignition research probably
accentuated the diflkulties to be overcome. Xo difikuky -was experienced in metering and
inj eeting the small quantities of fuel required. A minimum specific fuel consumption with
Diesel engine fuel oil of 0.30 pound per I. HP. hour was obtained vrhe~ developing about 16
B. HP. at 1,730 R. P. &l_. Specific fuel consumption increased for higher loads at these speeds.
A maximum power output of 29.7 B. HP. at 1,700 R. P. M. was obtained but. could not be
maintained for more than one-half minute due to piston failure. Mean effecti~e pressures
approaching standard aircraft e@ne practice could not be obtainecl, clue in part, it was attrib-
uted, to the unsuitable form of the Liberty cylinder combustion chamber. Excessive maxi-
mum combustion pressures were encountered when developing onIy about 60 pouncls B. M.
E. P. at. 1,’700 R. P. M., and piston life was very short. The engine could be idled w-ith~egular
firing at. 400 Ii. P. M., but acceleration under load was not satisfactor~, clue probably to the
tixed timing of injection during any particlar run.

INTRODUCTION

The application of airless fuel injection and compression ignition to aircraft. engines is
attractive because it enables the use of less inflammable and cheaper fuel, and gives, theoretic-
ally, better fuel economy at part loads than is obtained with the carburetted engine. Ti%le
compression ignition eliminates the electric ignition system with its attendant troubles, it can
not be said, as yet, that the fuel injection apparatus would be any less troublesome.

Since there appeared to be no published data available on the results of tests of an aircraft
engine operating with fuel injection and compression ignition, this preliminary investigation
was underfiaken in order to learn something of the problem of airless: or solid, fuel injection
as applied to aircraft eryjnes.

The tests herein reported were conducted. under the direction of Robertson Matthews.
313



314

A standard
having standard

REPORT NATIONAL ADYISORY COMMITTEE FOR AERON.4TJT1CS

DESCRIPTION OF APPARATUS AND METHODS

Liberty cylinder , $ineh bore and ?-inch stroke, without alterations, and
Liberty valve timing, was mounted on a single cylinder base and coupIed

to a 45/75 Sprague electric cradle dynamometer for the present tests. A photograph of the
engine, showing the location of the injection valve and injection pump, is given in I?igure 1.

To adapt the engine for use with compression ignition, it was necessary to remove the
electric ignition system, to provide a drive shaft for the injection pump, mounted in the
previous location of the ignition distributor ]lead, and to substitute a high compression pist ()n
~or the standard piston. -

—-------- ‘~

FIG. l.—Single-cyIinder Liberty e~girreequipped with airless injection system

Additional equipment for the engine included the primary fueI system, the injeetion
pump, and the automatic injection valve,

PISTON DESIGN

In selecting the compression ratio for the Liberty cylincler operating on compression
ignition, it was desired to use a ratio that would insure compression ignition when starting
with a cold engine. .4t the same time, it was desired to use the lowest practical ratio in order
to minimize the cranking effort required in starting, to keep the piston weight a minimum, to
provide the largest space over the piston for the injection of fuel, and to keep combustion pres-
sures as low as possible.

A fairly high compression ratio, 11.4:1, was finally chosen, being based only on a con-
sideration of those conditions within the cylinder itself which Hiight have an appreciable in-
fluence on the final compression pressure and temperature. Other factors which might logi-

cal~y have influenced the selection of the compression ratio, such as providing a compression
ratio that would insure reliable engine operation under altitude conclitions, or using a higher
compression ratio than required from the standpoint of compression ignition ordy in order to
provide a given temperature and pressure at the time the fuel would be injected, were not con-
sidered, as it was thought unnecessary at this stage of the investigation,
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k order to secure the necessary compression pressure, it was required, with the Liberty
form of combustion chamber, that the piston extertd &Host to the top of the cylinder. A
conventional form of piston head, such as a dished head: could not. be used without sacrificing
compression pressure. Further, as the injection -ral~e would be located in one of the spark-
pkg holes, which in the Liberty cylinder are off center, it appeared that the best distribution
of fuel would be obtained by directing the fuel spray across the top of the piston. These
conditions necessitated the adoption of an irregular form of head, ha-ring fluting or shalIow
grooving which would conform more or less to the spray shape, thus reducing deposition of
fueI on the piston head. As the standaril Liberty connecting rod w-as usecl, it was necessary

I
FE. 2.—Compmison of high-compression piston (11.4:1)tith the standard Libert

Armytype piston (5..M.)

to make the piston lo~ver above the wrist pin bosses, as shown in Figure 2. Sectional draw-
ings of the Ggh compression pistons are shown in Figures 3 to 7, incI~<ive. F@res 3 a~d 4

show the form of piston head with the cIeep fluting which -was first. used. Figures 5, 6, and 7
show the form of head later adopted in an attempt to lower the rim of the piston and obtain
better distribution of fuel to the air around the piston.

Akminum alloy, magnesium alloy, and cast-iron pistons -were tried in an attempk to
obtain a piston material that -would withstand the severe conditions of temperature and
pressure obtaining during these tests. The standard Liberty piston, 5.4 ratio, with three
standard rings weighs 3.75 pounds, -whereas the high-compression pistons with rings had the
following -weights: Aluminum alloy piston 2, 5.13 pounds; a~uminurn alloy pistons 3 and 4,
4.92 pounds; cast-iron pistons 7 and 8, S.S9 pounds; ma=nesium alloy pisto’n 12, 3.s2 pounds;
and ma=~esium alloy piston 14, 4.62 pounds.

PRIMARY FUEL SYSTEM

.4 gear pump and a three-throw plunger pump, both of commercial types, ~ere used. .%
srmaIl ~olurnetric fuel tank, ha-ring a. capacity sufEcient for a two to three-minute run at maxim-
um load and speedj was used in making fuel consumption tests. % tank could be refilled
from the by-passed overflow of the primary pump without stopping the engine. The only
sfmainer in the fuel system -was placed between the primary and injection pumps, and con-
sisted of a double layer of 1.59-mesh copper screen.
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FIG, 3,—Sectional views of pistons 1 and 2 (aluminum alloy)

F1~. 5.—Sectionc.lviews of pistou$ 5 and 8 (aluminum alloy
aad cast iron)

I

FIG. J.—Sect.ional views of pistons 3 and 4 (aluminum alloy)
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Fm. 6,—Sectional views of piston 12nmgnesium alloy)

FIG,—7. Sectional views of pisto~ 14(magnesium allOY)
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INJECTION PIIMP

.1 photograph of the injection pump, a~d a sectional drawing of the pump as oriQ.nally
constructed are given in Figures 8 and 9, respecti~ely. This pump was used to meter and
inject the fuel, the amount of fuel injected being controlled by adjusting the length of the
pump plunger stroke. The floating plunger, + inch in diameter, -was a. lapped fit and was
used without packtig. lt w-as driven forward cluring the injection stroke by the spring, pre- -
tiously compressed by means of the radial camj and -was returned solely under the action of
the primary fuel pressure. The plunger stroke began w-hen the rocker arm follower chopped
off the radial cam, and ended when the spring cap came against the adjustable stop. .k 173-
pound helical spring -was used, which exerted a force of 285 pouncls on the pump plunger at
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Fm. S.—Infection pump and iniect.ion w.lw
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FIG. 9.-Spring-adU&ted injection pump

the beginning of ihe pIunger stroke. Two spring-loaded balI check valves in series were used
both for the intake side and for the discharge side of the pump. Seamless stee~ tubing, ~ inch
inside, m-as used for the high-pressure fuel line between the injection pump and injection valve.

INJECTION V.~VE

Certain limitations were placed upon the desiaw of the injection valve: Outside dimensiom .
were hmited as it was planned to locate the ~al~e in the metric spark plug hole, which had a
i~ameter at the root of the thread of only 0.64 inch; it was necessary that the mo=ring parts
of the valve be light in order to meet high-speed requirements (15 rejections per second at
1,S00 R. P. &L of the en=gine); it was desirable to ha~e a minimum volume of fuel in the -ral-re
in order to reduce the amount of fuel t~ be compressed before injection occurred, and to reduce
the tendency for ‘‘ dribbling”; rind the chection of the fuel jet had to be at an angle with the

axis of the val~e in order to spray across the piston.
-$ dram-hag showing a section through the injection valve is shown orL F@re 10. The

~-alve stem, -which was a lapped fit in the val-re body, lifted and seated automatically with
change of pressure in the high-pressure fuel line, and was free to lift untiI the spring coils
closed. The opening pressure -was fixed by the spring load on the -ral-re stem. Small changes
in opening pressure could be obtained b-y adjuding the spring cap, but ~arge changes in opening

hich gave a range of opening pres-pressure were effected by using a series of graded springs, w
sures from 1,200 pounds per square inch to 5,400 pouncls per square inch. These opening
pressures were determined on a gauge tester; the maximum pressures in the high-pressure fuel
line probably would be much higher.
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Two types of nozzles (fig. 10) were used with the above injection ~al-re: The plain orifice
and the impact or lipped type. The plain orifice type, having but a single orifice, 0.021 inch
in diameter, was first tried. ~ similar tip, hav~ng a single 0.016-inch diameter orifice was next
tried, as was also the two-hole type, having two 0.012-inch diameter orifices. The plain nozzles,
however, had nothing to recommend them except simplicity, and conformity between shape

. of jet and piston fluting. The fuel injected from this type nozzle was not finely atomized.
Moreover, the plain jet gave too much penetration for the size cylinder used, as there was
evidence that fuel was being deposited on the relatively cold combustion chamber wall opposite
the injection valve. Consideration of these conditions led to the adoption of the lipped nozzle
which gave less penetration and better atomization and distribution. & the Diesel engine
fuel oil burned cleanly, the lipped nozzle could be used ~~ithout excessive amounts of c.arlmn
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being deposited thereon. hTo erosion of the lip was
noticeable after running for several hours with Diesel
engine fuel oil. With a lip of the approximate pro-
portions shown in the figure, the following orifice
diameters were tried: 0.012, 0.014, 0.018, 0.023, and
0.026 inch.

FUEL

A high-grade Diesel engine fuel oil, having a Stiy-
b~ viscosity of 43 seconds and a specific gravity of
0.87 (34° B.) at 60° l?., was used for most of the tests.
=sene was tried in order to obtain a comparison
with Diesel engine fuel oil.

PRECISION AND METHODS

Care was exercised to obtain brake horsepower,
friction horsepower, and fuel consumption with a min-
imum of error possible with the apparatus used. In
presenting the data, however, no corrections for
barometer or air temperature have been applied.

Torque was measured with a Kron scale ha-ring
Revolutions were measured with a revolution counter

FIG. 10.—Automatic injection ralvc

minimum graduations of 0.2 pound.
and stop watch synchronized by means of a solenoid switch. With a dynamometer torque
arm of 15.75 inches the equation for power is

HP =Scale reading (lb.) x R. P. .M.
4,000

Indicated power was obtained by the addition of brake power and friction power, the
latter obtained by motoring the engine with the dynamometer. Recent tests (Reference 1)
made elsewhere have shown that this method of securing indic~ted power may be in error by
as much as 10 per cent.

Fuel consumption was obtained by observing the time required to empty a small volumetric
fuel tank.

Maximum combustion pressures were measured by means of a Mader microindicator, and
a spring-loaded relief valve. Values for maximum pressures obtained by these methods were
considered inaccurate but indicative.

An Okill indicator was used to measure compression pressures.
The method of starting, without resorting to spark ignition, with compression pressures

above 300 pounds, and jacket water temperature about 100° F., consisted in motoring the engine
by means of the dynamometer at speeds as low as 500 R. P. M. and then starting the injection
of fuel. By this method, the engine started iiring within a few revolutions after fueI was
admitted. The difficult y experienced in starting the engine with some. of the pist ens, which
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ga-re compression pressures as low as 270 pounds, was overcome by attaching a Iong pipe to
the en@e intake, thus obtaining an increase in final compression pressures. (Reference 2.)

Variation in the timing of injection was obtained by removing and resetting the injection
pump cam on its splined shaft. This shaft had 100 splines, so that a minimum adjustment
of 7.2 degrees, measured in terms of crank ar@e, could be obtained. Optimum injection
timi~~ wa~ obtained by making trial runs.

!Fhe lag of the fuel jet behind the pump cam timing and the inter~al of injection mere
obtained by inject&o the fuel, while motoring the engine, aga~t. paper targets shellacked to

the flwywheel.
DISCUSSION OF RESULTS

Some preliminary tests -were made using the plain nozzle type injection -ral-re pre-rious to
adopting the lipped nozzle. During these tests using pistons of the deep-fluted type, a ma.xirnum
of zz B. ~. at 1,800 R. P. M.l or 109 pounds 1. M. E. P., was obtained with the plain nozzle

havi~~ a single 0.018-inc.h orifice; but the fuel consumption -was excessive, about. 0.84 pound per
B. HP. hour, and there was considerable exhaust smoke. The best corubhation of power and
fuel consumption, 20 B. HP. at 1,800 R. P. M., and 0.62 pound per B. HP. hour, was aIso
obtained with the 0.018-inch oritice. Tests with both the single 0.016-inch ori.flee and the
nozzle hating t-w-o0.012-inch orifkes ga-re 18 B. Ill?. at 1,800 R. P. M. with a fuel consumption
of 0.64 pound per B. HP. hour. In order to obtain the abo-re power it -was found necessary to
advance the timing of the injection pump cam to 61 degrees before T. D. C. Of this necessary
advance, about 17 degrees was Iag of injection behind pump cam timing. The injection interval
for the pump stroke necessary to obtain 22 B. Ill?., when us~~ the 0.018-inch orfice, -was
found from spray patterns to be 73 degrees. Consequently, injection occurred for 29 degrees
after T. D. C. For the fuel quantity necessary to obtain 20 B. HP., the injection interval w-as 55
degrees, so that fuel was injected for 11 degrees after T. D. C. The 10-wpower output and the
high fuel consumption with the plain nozzles indicated that good distribution of the fuel through-
out &heair charge and he atomization viere not being obtained. Mso, impection of the c~linder
showed that fuel was being deposited on the combustion chamber walI opposite the injection
valve, indicating too much penetration.

FolIow@ the tests w-iti the plain nozzles, the lipped nozzIe was adopted with a view to
securing bet ter atomizat ion and distribution of the fuel with less penetration With this type
nozzle it was found that deposition of fuel on the combustion chamber wall was reduced, the
power output was increased and the fuel consumption lowered. The outstanding results
obtained with’ this type nozzle are given in TabIe I, and are referred to in the folIowi~m dis-
cussion. These tests -were not continued until definite conclusions, as regards the interrdation
and infhence of the se-reral variables on the en@e performance could be made, as it -was e-iident

. that a prolonged ircrestigation with this cylinder would be inadvisable

The matimum power developed during the tests using the lipped nozzle was 29.7 B. IIP.
at 1,700 R. P. M., or about 131 pounds 1. M. E. P., run hTo. 138. Other high-power runs gave
29.1 B. IZP. at 1,820 R. P. M., No. 147, and 28.3 B. HP. at 1,800 R. P. M., LTO.14S. The
above runs -were of short duratio%, being sustained only long eno~~h to ensure a steady torque,
in order to fa~or the piston as much as possible. During the longest run maintaining high power,
A’o. 39, 25.2 B. HP. was developed for about, 10 minutes. These tests were made with light
alloy pistons. With a cast-iron piston, a maximum output of 21.8 B. =. at 1,500 R. P. kf.
was obtained, h’o. 131. Because of the excessive w-eight of the cast-iron pistons, the engine
speed was arbitrarily limited to 1,500 R. P. M. In order to obtzin maximum power it was found
necessary to ad-rance the pump timing as much as 84 degrees before T. D. C. In each of the
abo-w runs, after reachi~~ the above stated maximum power, further increase in the amount
of fuel supplied had no noticeable effect on the torque. At-tempts to obtain maximum power
usually resulted in failure of the piston, either from burning of the head or cracking of the -mist-
pin bosses.
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The reason for the fzi.lure to approach more nearly the power output of this cyLinder obtained
when using carburetor has. been attributed in part to the unsuitable form of combustion chamber.
(Fig. 11.)
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Fm. 1l.—SingIe-cyIinder Liberty engine form of combustion chamber

FRICTION POWER

The friction horsepower of the engine, when using the high compression pistons, was some-
what higher than that ob bained with the standard Liberty piston. The friction varied for tho
several pistons used, and was sensitive to changes in jacket w~ter and oil temperatures. In
computing indicated power, it was endeavored to obtain a value for friction power taken under
conditions simukting those existing during the respective power runs.

FUEL CONSUMPTION

Best fuel economy was obtained when developing only 12 to 15 B. HP., or less than one-half
the normal output of this cylinder when using a cmburet or. Ruri 370. 112 ga~e a fud con-
sumption with Diesel engine fuel oil of 0.47 pound per B, HP. hour, and run No. 111 gave
0.49 pound per B. HP. hour, the indicated specifio fuel consumption being about 0,30 pound per
L HP. hour, in both cases.
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FIG. 12.—Sing1e-cylinderLiberty engine compression ignition. Power and fuel eomumption at part
loads. Propeller load: 24 B. HP. at 1,750R. P. M. taken as normal. Lipped nozzle with 0.018-inch
diameter hole. Diesel engine fuel oil. 1I.4 compression ratio

The specific fuel consumption increased with increase in power output above 15 B, HP.
as shown in run ilo. 114, which gave a fueI consumption of 0.52 pound per B. HP, hour, when
developi~g about 21 B. HP. at 1,750 R. P. ~hf..under conditions directly comparable to those
existing in run No. 112. The fuel consumption for the highest sustained power run No. 39,
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was about 0.64 pound per B. HT. hour showing again that increased power -was obtained at the
expense of fuel economy.

Pwt load runs were made for the purpose of deterro_in@ fuel consumption o-i-er a wide
range of Ioads. Table 1 gives the data for these runs, Nos. 42 to 60. .L value of 24 B. HP. at “
1,750 R. P. ?vI. was taken arbitrarily as normaI pomer and a series of runs made at an approxi-
mately constant speed of 1,740 R. P. 31. with varying torque, a~d at ~arying speeds and torque
corresponding to a propeller load. In the Iatter runs, data for -d@h are pIotted onFi=we 12,
the speed -was varied as tie cube root of the power, and the torque adjusted to gi~e the required
power at this speed. Test points for maximum power obtained, Nos. 138 anc~ 147, and for
maximum sustained power, No. 39, are plotted on this &we; the power de~eloped in one c-jlinder
of a Liberty 12 er++ne using earburetpr is also show-n. The specific fuel consumption obtained
during these series of part load runs were
not as low as obtained during some other
runs at the same load. However, all data
for the part load runs -were taken under
the same en~tie conditions, except for
variations in jacket -water and oil tempera-
tures, so that the results obtained d~~
the individual runs of the part load series
are comparable. The curws of specific
fuel consumption against power for the
series of part load runs at constant speed,
shown on Fibwe 13, indicate tbafi &e con-
sumption increased with power, the best
economy being obtained at 12 B. HP.
output. It can be seen that the fuel
consumption for 24 B. HP. is lower than
would be expected from the trend of the
curves. This run was made some time
before @e other ITIIR of the series, and
the apparent discrepancy may have been
due to conditions within the en@e
changing in the interim.

Tests mere made to determine the
variation, if any, in fuel consumption
during a run of appreciable duration
maintaining constant power output. ln
run h?o. 116, 16.3 B. HP. at 1,740 R. P.kl.
-was held for approximately one hour,
during which the average fuel commrnp-

1 I 1 II I 1111 1

6k?ke hcrsep@ WEY_

FIG. 13.—SiuglwyLinder Liberty engiue compres’+m ignitiom Fuel consump-
tion ac part loads. Coustaut speed. A_remgesp+ed, 1,740R. P. M. Lipped
nwie with O.OIS-inchdkmeter hole. Diesel engiue fuel oil. 11.4compres-
sion ratio

tion was 0.51 pound per B. HP. hour ~th not more than a-3 per cent vari=tion during any of
the 7-minute intervals when the rate of fuel flow was timed. In run NTO.130, using a cast-iron
piston, 16 B. HP. at 1,520 R. P. Xl. was maintained for nearly 2 hours with an average fuel
consumption of 0.66 pound per B. HP. hour. The specific brake fuel consumption for the first
6-minute intervaI was 0.69 pound, and for the last time int er~al was 0.66 pound; the lo-west
consumption during any time inter~al being 0.65 pound. During run hTo. 116 the aluminum
alloy piston hTo. 4 failed, due to burning of the head; and during run hTo. 130 the cast&on
piston No. 7 failed, due to cracking of the wrist pin bosses.

Runs No. 40 and 41 gi-re comparative power and fuel consumption figures for the engine
operating under the same co~ditiom with kerosene and with Diesel engine fuel oil. These two
rum were made without stopping the engine, the change in fuel being effected -while under
po~er. Diesel engine fuel oil ga-re a lower specific fueI consumption and higher power.
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Tests with the lippecl nozzle to determine the effect of nozzle orifice diameter on specific
fuel consumption showed that best eccmom~ was obtained with a O.014-inch orifice. Decreasing
the orifice diameter still further, to O.012 inch, increased the fuel consumption due, probably
to the longer interval of injection with the smaller orifice. The 0.o14-inch orifice was, apparently,
a gooci compromise between the somewhat finer atomization obtainecl with a small orifice and
the shorte~ interval of injection with a large orifice.

FLEXIBILITY

The engine could be id~ed smoothly at 400 R. P. M.. when using Diesel engine fuel oil, and
at 630 R. P. hf. when using kerosene. The acceleration under load was not satisfactory as com-
pared with the carbureted engine due, in part, to the fact that injection timing coulcl not bc
varied when the engine was running.

STARTING CONDITIONS

NTOdifficulty was experienced in starting with compression ignition only, when the COIll-

pression pressure was over 300 pounds and the jacket water temperature about 100° l?. With
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lower compression pressures, it was found necessary to employ some auxiliary means for sh~rt-
ing; and it was desirable not to use spark ignition. The engine could be started by increasing
the jacket water or inlet air temperature or by increasing the compression pressure through
increasing the initial pressure. Heating the jacket water caused delay and, besides, was least
effecti~e in facjlitiating starting. Heating the inlet air was very effective but necessitated the
use of some form of heater. Howeverj it was found that the engine could be started, with jacket
water and inlet air a~ room temperature, simply by attaching a kmg pipe to the intakej thus
obtaining an increase in compression pressure. (Reference 2.) In order to realize the advan-
tages of this method, it was necessary to motor the eng;ne at fairly high speeds. By using s
suitabIe length of pipe for a given engine speed the compression pressure was increased as much
as 17 per cent. Figure 14 shows the increase in compression pressure, as measured by the
Okill gauge, that was obtained by using the long intake pipe.
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With a constant compression ratio, and using a ~ortg intake pipe to obtain variation in com-
pression pressure, a shor~ investigation was made to determine the relation between jacket
water temperature, with inlet air at room temperature, and idet air temperature, -with jacket
water at room temperature, and the compression pressure at -which the. engine wouId start
firing. (Reference 3.) The results are plotted on Rigure 15.

These starting tests indicate the sensitiveness of this compression ignition engine to changes
in final compression pressure-, with constant. compression ratio and, further, suggest the need
for providing some means, such as supercharging, to compensate for the reduced air pressures
and temperatures that wotid be encountered when operating at high altitudes, in order to
insure reliable operation.

MAXIMUM PRESSURES

Excessively high maximum combustion pressures were encountered during this investiga-
tion. Records taken’with a Mfader microindicator, indicated m~ximum pressures of the order
of 1,600 pounds per square inch; and a spring-loaded relief valve, located in the second spark
plug hole and set to open at 1,300-pound gauge pressure, “popped” regularly when the engine
was developing only moderate torque, about 60 pounds B. M. lZ. P.

&ntiknock dopes, and cooled exhaust gases introduced with the entering air charge were
tried in an attempt to reduce these high maximum pressures but, although somewhat smoother
running and a slight increase in power output. f Gr given enQne settings were obtained, maximum
pressures w-ere not reduced appreciably. The doped fuels tried consisted of fuel oil and 5 per
cent by volume of aromatic amines, and fuel oiI and 0.3 per cent by volume of tetra-ethyl lead.
An increase in power was obtained by directing a jet of exhaust gases, cooled to 110° F., into
the en.tie intake through a section of }+inch pipe, but further in~estigation indicated that
this increase in power may have been due to the increased turbulence resulting from directing
the jet into the intake rather than to smoother combustion resulting from using the exhaust
gases as a diluent.

EFFECT OF TURBULENCE ON POWER

While experimenting with exhaust gases introduced into the engine intake through a small
pipe, it was found that -radiations in power occurred when the jet of gases ras directed toward
different parts of the intake. The injection valve was located to the left of the intake opening
and nearly in the same horizontal plane. Directing the jet tow-a.rd the right side of the intake,
or away from the injection -ral-re, gave no increase in torque or speed, but directing the jet to
the left, or to-ivard the injection valve, ga-re an appreciable increase in torque and sFeed. h* ●

one test., whale developing about II B. HP. at 1,650 R. P. M., the torque and speed were both
increased about 10 per cent when the jet of exhaust, gases was directed toward the injection
valve. The increase in poxer thus obtained was attributed to the increased turbulence in the
vicinity of the injection valve. How-ever, another explanation might be that, supposing com-
bustion to start in the vicinity of the injection valve, direct~~ the jet toward the injection
valve may have result ed in placing the inert gases in that part, of the combustion chamber
where they could be most effective in acting as a diluent, thus slowing up the rate of burning
of the portion of the combustible mixture first ignited, -whereas, directing the jet away from
the injection valve may have result ed in preventing the inert gases from coming into the region
vihere ignition &t occurred.

.% further investigation of the effect of turbtience was made by using a throttled inlet port.
.4 metal plate, that covered all but a S)Oosector of the intake opening, was ckimped over the
intake. When the opening w-as changed from the lower right position to the lower lef t position
an increase in torque of about 9 per cent and an increase in speed of abouti 13 per cent ~as
obtained.

.< further study of the effect of the direction of the entering air stream cm power and fuel
consumption was not made, but such an investigation, with a more suitable cylinder, might be
profitable.
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FUEL PUMP CHARACTERIS!CICS (Reference 4)

h investigation of the spring-actuated fuel pump was made, using the spray pattern .
method previously described, to determine the effect on the lag and interval of injection, of
injection valve orifice size, injection valve opening pressure and fuel pump stroke, or fuel quw-
tity. Spray patterns were taken, with the engine motored at a constant speed of 11600 R. P. M.,
for nozzle orifices 0.012, 0.014, 0.018, and 0.022 inch in diameter, for opening pressures of 2,200,
3,200, and 5,OOOpounds per sc~uare inch and for varying fuel quan~ities. The r=ults o~t~in~d

with three sizes of nozzle orifice are shown on Figures 16, 17, and 18. Figure 19 is a cross plot

c

Stroke,thches
FIG. 16.—Lipped nozzle with 0.012-inch diame-

ter hole

!twwteristics of spring actuated fuel pump. Effect

Vu[veo,oervhgpressures Voiveopervngpressures,
2200 /b./s@7.0 22CQ Ib.[sq.in._ ~
3200 I x––––-~ 3200 ., X--—-–X
5000 “ ●— -—* 5000 “ “— -—b

FIG. 17.—Lbped ItOZZk with 0.014-

inch diameter hole
Fm. 18.—Limsd nozzle with 0.018inch dinmeter

hole

of pump stroke and valve opening pressure on I&gand intervol ot injection. Diesei engino
fuel oil. R. P. M,, 1,600

showing the effect of orifice diameter on lag and interv_al of injection for one opening pressure
and pump stroke. ldthough somewhat erratic, due to the diflic.ulty experienced in defining
the beginning and ending of the spray pattern, the results show, in general that:

Lag increases \J~ithincrease in orifice size, injection valve opening pressure, and ?JumP

stroke. Interval of injection decreases with increase in orifice size and opening pressure,
and with decrease in pump stroke.

Distribution of fuel on the spray patterns indicated, in some cases, that the injection valve
stem rebounded from its seat once or tivice during a single injection. The above information
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can not be used in determining the lag and inter~al of injeetion for the power runs given in
Table 1, as data on opening pressure and pump stroke -were not definitely determined during
these power runs.

The spring-actuated injection pump, for given conditions, gi~es an approximately constant
interwd of injection, in terms of absolute time, independent of engine speed. TKhen measu-ed
in degrees of crank travel, howev-er, the injection interval varies directly with engine speed.

CONCLUSION-S

The results obtained during this investi-
gation can be used only as a general indication
of the possibdities of, and the difficulties to be
overcome in applying airless injection tit.h
compression ignitio~ to aircraft engines. The
combustion chamber of the Liberty cylinder
-was no~ suitable for compression ignition
research, and probably accentuated the dif%wl-
ties encountered in attempting to obtain high
mean effective pressures.

Iti appears that. a reasonably low fuel con-
sumption can be obtained at reduced loads, as
it was possible, with a~ unfa~orable form of
combustion chamber, to obtain an indicated
specific fuel consumption as low as 0.30 pound
per 1. HP. hour -when developing about 16
B. HP. at 1,730 R-. P. hf. With this engine,
specific fuel consumption increased mat erialIy
with power output above 16 B. HP. at these
speeds. The maximum power output obtained,
29.7 B. HP. at 1,700 R.P. M., maybe considered
encouraa@g in view of the unsuitable combus-
tion chamber h which cood distribution of the

Fm. 19.—Inje&i0n-valve opening presure, 3,200 pounds. Pump
stroke, ?4 inch. R. P. M., 1,600. Chamcteristics of sprfng-mtuated
fuel pump. Effect of ori&e size on lag and interval of irjection

fuel couId not be obta~ed. Eowev-er, high power output could be maintained for only very
short periods of time due to piston failure. Excessive exposed area of the piston to combustion
temperature. accentuated piston trouble. ~o ticulty -was experienced in metering and inject-
ing the small quantities of fuel required when operating at engine speeds as high as 1,850 R. P. M.
The extreme injection advance found necessary accounts in part for the high maximmn coro-
bustion pressures encountered, as practically the entire fuel charge was in the cylinder ah the
time ignition occurred, so tha~ constant -rolume combustion of most of the fuel charge resrdted.
This indicates the need for reducing the lag of ignition to a minimum, in order to obviate the
need for extremely early injec~ion. The brief tests indicating the effect of turbulence OD power
may be considered valuable in pointing out -what may be obtained on this score. The tests
showing the sensitiveness of compression ignition to changes in temperature and pressure of the
induced air indicate clearly the need for supercharging in order to obtain reIiable engine opera-
tion at altitude.
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TABLE I

TEST RESULTS. RUNS WITH LIPPED L’OZZLE Injection VALVE Ah’D DIESEL Eh”GIXE FUEL OIL
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I

---

32
I 39

40
~ ’41

42

43
44
45
46
47

4s
49
50
51
52

.53
55
56
57
6S

59

1!!
112
114

116
130
131
138

.147
148

I

Pis- i Duru-
ton I tion ,
LJO.~minute,
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2

$
3
3

3
3
3
3
3

3
3
3
3
3

3
3
3
3
3

3
3
4
4
4
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12
14
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10
10
12
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1
9

1;

15
15

J
8

s

:
6
6

6
14
10

9
6

59
114

2
1

j

1

—

. P. M., B. E P.

I

—-
1,743 19.5
1,779 : 25.2
1,724 ‘ 21.2
1, ~5& ; 23.7

L 17

1,040
8.46

1,410
I,595
1,6?32

1,124
720

1,730
1,745
1, Oao

1,760
1,740
1,72.5
1,760
1,760

1,753
1,749
1,722
1,731
1,748

1,737
1,516
1,502
1, 7(0
1,820
1,800

5.44
2.86
12.2

18.1
5.9

6.15
1.62
2.98
6.2

IL 56

12.6
11.6
12.3
17.9
18.3

10.0
10.3
10.4
10.6

2.1

4.1
3. s
6.2
7.8
4.4

4.5
2,6
9.0
9.3
9.0

10.0
9.7
9.8

10.0
9. s

1s. 3 ; ::
L 02

13,6 8.7
15.7 I 8.8
20.8 9.0

16.3 ~ ;?
16.0 ,
21.8 ~ 7.0
K!. 7 9.0
29. I ! 10.2

1 10.02s.3 ,

:. EP.

29.5
35.5
31.6
34.3

3.27

:2

18:4
2.5.9
10.3

10.65
4.22

11. 9s
15.5
20. %

22.6
21.3
22.1
27. ‘a
2s. 1

27.8
10.92
22.3
24.5
29.8

25.2
23.1
29, s
38.7
39.3
38.3

I. M. E,
P., lb./
scI, in.

64.5
S1. 6
71.0
78.1
11.0

30.2
19.4
49.9
65.5
31.2

31.6
13.0

2!
39.7

41.2
38.4
41,3
58.7
59.9

60.1
5.35
45.5
52.3
68.5

54:4
60.7
83.6

101.
92,4
90.9

I Fuel pump cam setting. Time when fuel enters cyIinder not given

X. E
‘., Ib./
q. in.

lfi
106
113
31

53
45
75
94
54

55
34
40
51
70

74
70
74
91
92

91
36
75
82
w

84

12
,131
lx
Z2.s

Me-
;hmi
al ef6
iency
per
cent

66
71
67
69
36

57
43
66
70
57

58
38
25
40
56

56
54
56
64
65

66
15
61

%

65
69
73
77
74
74

—

Fuel
cOrI-

sump-
tion,

lb,/B.
3P. hr.

0.601
.637
.596
.566

1.620

.750
L 050

.578

.60

.682

.710
1.270
L 78
1.07

.686

63i
.542
.660
.655
.646

.638
2.82

.4’88

.471

.524

. 5io

.662
.- . ..-.
-------
-------
-. . ..-.

—.—

Fuel
cOn-

sump-
tion,
lb./I.

1P. hr.

0.397
.452
.403
.391
.530

.423

.451

.382

.419

.391

.410

.4%

.443,

.466

.386

.355

.349

.368

.421

.420

.420

. 41s

.23s

.302

.300

.330

.458
------- .
------- .
. . . . ..- .
. . -----

-—

Nozzle
orifice
iiame-
>er, in.

I

0.018
.018
.018
.018
.018

.018

.018

.018
01s

.018

.018

.018

.018

.108

.018

. 01s

. 01s

. 01s

.018

.018

.018

.018

.014

.014

.014

.014

.014

.022

.018

.026

.026

Fuel
mmp
iming
deg.
>elore
r, D.

C.1

74
74
74
74
00

60
60
53
60
60

52
53
67
67
67

60
67
67
64
00

60

F
77
77

77
77
77
77

Water
out

pera-
;u~e,

140
145
140
140
170

170
176
168
158
152

160
185
109
108
156

153
141
135
145
155

102
170
120
122
120

120
lLk3
120
125

ii 140
S4 ! 140

oil
out

tem-
pw2.-
ture,
“F. ,

——

m

IE
121
116

116
101
121
122
121

121
119
132
120
112

120
125
123
120
122

124
126

Iti
123

124
1%
112
110

. . . . . .

. . . . . .

Pistons 2, 3, and 4 aluminum alloy; pistons 7 and 8 cast iron; pistons 12and 14magnesium allay.
Primary primp pressures up to 250 pounds. Injection valve opening pressures from 1,2oO to 5,100 pounds.
Run 39, ma~imum sustained power; cracked water jacket during run.
Run 40, kerosene fuel used.
Run 112, best fuel economy.
Run 116, injection nozzle clean at end of run; f~iture of pktOn.
Run 130,injection nozzle clean at end of run; failure of piston.
Rnn 131,piston bosses cracked during run.
Run 13s, maximum power, piston bosses crackedduring run.


